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SECTION I |
INTRODUCTION |

A great deal of experimental and analytical work has
been conducted to evaluate the behavior of composite laminates
with cutouts under uniaxial tensile loading. Very little work
has been reported on the behavior of such laminates with stress
concentrations under biaxial states of stress. The inhomogeneity
of the material, the nonlinearity of response near failure and
the complex interaction of failure modes near discontinuities
make it very difficult to predict biaxial behavior on the basis
of uniaxial response. An experimental approach dealing directly
with biaxial loading of composite plates with stress concentrations
was deemed important and necessary.

cognizing this need, the Air Force Materials Laboratory
ase experimental program with the IIT
Research Institute.=* The objective of the program was to study
experimentally the deformation and failure under biaxial tensile
loading of graphite/epoxy plates containing circular holes and
cracks of various sizes and to determine the influence of notch
size on failure. The first phase of this program described in a
recent report was limited to quasi-isotropic iﬁt;ﬁﬁtﬂﬂd; graphite/
epoxy laminates(Referente—i), The program consisted of testing uniaxial
unnotched and notched specimens and biaxial notched specimens. The
approach used was to measure deformations by means of experimental
strain analysis techniques, determine strain concentrations, strain
distributions and variations to failure, failure modes and

strength reduction ratios. Whenever possible results were compared
with analytical predictions.

The objective of the second phase of this investigation
described in this final report was to further study experimentally E |




%

the deformation and failure of graphite/epoxy plates with stress
concentrations. new layup, [02/14518 was investigated. The
program includefl \testing of uniaxial notched and unnotched and
biaxial notched and unnotched specimens of both the quasi-isotropic
[0/t45/90]s and [02/ 45]s layups. The approach was the same as

the one used in the first phase of this investigation.
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SECTION II
MATERIAL QUALIFICATION AND CHARACTERIZATION

1. MATERIAL QUALIFICATION

The graphite/epoxy system used was the same as the one
selected for the first phase of this work, i.e., SP-286T300
manufactured by the 3M Company. It consists of Thornel 300 fibers
impregnated with PR-286 resin. A quantity of 50 1b of 30.5 cm
(12 in.) wide and 0.13 mm (0.005 in.) thick prepreg tape was
obtained.

The batch of material received was qualified by determining
its flexural and interlaminar shear strengths from unidirectional
coupons. A 15.2 cm x 15.2 cm (6 in. x 6 in.) unidirectional plate,
15-plies thick, was fabricated for qualification testing.

Flexural strength coupons were 10.2 cm (4 in.) long, 1.3 cm

(0.5 in.) wide with a 6.3 cm (2.5 in.) span length. Interlaminar
shear strength coupons were 1.5 cm (0.6 in.) long, 0.6 cm (0.25 in.)
wide with a 1 cm (0.4 in.) span length. These specimens were
subjected to three-point bending. Results of these qualification
tests are tabulated below.

Table 1
QUALIFICATION FLEXURE TESTS FOR GRAPHITE /EPOXY SP-286T300
Specimen Thickness Width Flexural Strength
Number mm (in) mm (in) MPa (ksi)
1 1.83 (0.072) 12.75 (0.502) 1710 (248)
2 1.75 (0.069) 12.73 (0.501) 1931 (280)
: 3 1.80 (0.071) 12.75 (0.502) 1789 (259)
1 4 1.73 (0.068) 12.75 (0.502) 1973 (286)
! 5 1.75 (0.069) 12.73 (0.501) 2007 (291)
; 6 1.83 (0.072) 12.78 (0.503) 1717 (249)

Average: 1855 (269)
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Table 2
QUALIFICATION INTERLAMINAR SHEAR TESTS FOR GRAPHITE/EPOXY
SP-286T300
Specimen Thickness Width Shear Strength
Number mm (in) mm(in) MPa (ksi)
1 1.85 (0.073) 6.27 (0.247) 108.5 (15.7)
2 1.88 (0.074) 6.27 (0.247) 107.6 (15.6)
3 1:85 (0.073) 6.27 (0.247) 108.8 (15.8)
4 1.88 (0.074) 6.35 (0.250) 107.1 «€1515)
5 1.85 (0.073) 6.38 (0.251) 105.3 «(15.3)
6 1.90 (0.075) 6.32 (0.249) 110.0 (15.9)
7 1.90 (0.075) 6.30 (0.248) 111.6 (16.1)
Average: 108.4 (15.7)

The values of flexural and interlaminar shear strengths are higher
than those obtained for the previous batch of the same material.

2. CHARACTERIZATION OF UNIDIRECTIONAL MATERIAL

Material characterization was minimal, since the same
material was characterized in the first phase of the program.
Unidirectional tensile properties were obtained by testing 2.54 x
22.9 cm (1 in. x 9 in.) coupons. Six-ply specimens were used for
the O-degree tests and eight-ply for the 90-degree tests. Typical
stress-strain curves as well as modulus, Poisson's ratio and

strength obtained from these tests are shown in Figures 1-4. Results

are also tabulated in Table 3. They are comparable with those

obtained for the previous batch except for the transverse properties

which appear slightly lower (Reference 1).
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Table 3
PROPERTIES OF UNIDIRECTIONAL GRAPHITE/

EPOXY, SP-286T300

Property

Value

Ply Thickness

Longitudinal Modulus, E;q
Transverse Modulus, E22

Major Poisson's Ratio, vi2
Minor Poisson's Ratio, Vo1
Longitudinal Tensile Strength,

S1at
Transverse Tensile Strength,

Sq2r
Ultimate Lgpgitudinal Tensile

Strain, €11T

Ultimate Tsansverse Tensile
Strain, €907

0.127 mm (0.0050 in.)
147 GPa (21.3 x 10° psi)
9.8 GPa (1.42 x 10° psi)
0.29

0.017

1435 MPa (208 ksi)

48 MPa (7.0 ksi)

0.00968

0.00505
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_ SECTION III
] UNIAXIAL TESTS OF UNNOTCHED LAMINATE

Basic properties were determined of the [02/i45]s laminate
used in subsequent tests with notched specimens. Uniaxial tensile
properties were determined in the 0-, 22.5-, 45-, and 90-degree
directions with respect to the outer fibers. The specimens were
22.9 em (9 in.) long coupons of widths varying from 1.27 cm
(0.5 in.) to 2.54 cm (1 in.). They were instrumented with two-
and three-gage rosettes on each side and tested to failure under
uniaxial tensile loading. Two specimens of each type were
tested. Stress-strain curves to failure, as well as modulus,
Poisson's ratio, strength and ultimate strain are shown in
Figures 5-12. The axial strain in the specimens loaded in the 0-
degree direction (Figures 5 and 6) varies nearly linearly to i 3
failure. The transverse strain, however, shows a characteristic
knee at approximately 345 MPa (50 ksi), corresponding to an axial
strain of approximately 0.004. This is the same as the axial
strain at which the response of the [0/t45/90]S laminate becomes non-
linear. Strains in the specimens tested at 22.5-degress are nearly linear
to failure. Strains in the specimens loaded at 45-degrees are
linear up to approximately 207 MPa (30 ksi). Strains in the
specimens tested at 90-deg. to the outer fibers are linear up to
approximately 70 MPa (10 ksi) corresponding to an axial strain of
0.003. This strain level most probably corresponds to the onset
of pronounced nonlinearity in the +45-deg. plies. Results are
tabulated in Table 4.

The highest ultimate strain (0.010) corresponds to the
highest modulus in the 0O-degree direction. The lowest ultimate
strain occurs in the 22.5-degree direction (0.004).

10
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Table 4
STATIC TENSILE PROPERTIES OF UMNOTCHED

Modulus ; Strength gtgi?ﬁte
Direction of Fax o it ST e B (103¢)

{ Loading GPa (10" psi) ' “xy | MPa (ksi) xxT
0-deg 82 (11.8) 0.65 805 (116) 10.0
.'1 22.5-deg 73  (10.6) 0.33 290 ( 42) 4.0
45-deg 49 (7.1) 0.11 356 ( 52) >9.0
90-deg 24 ( 3.46) 0.20 139 ( 20) 7.5
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SECTION IV
UNIAXIAL TESTS OF NOTCHED LAMINATE

1. SPECIMENS

The specimens were eight-ply [02/i45]s laminates 12.7 cm
(5 in.) wide and 56 cm (22 in.) long with central circular holes
of 2.54 ecm (1 in.), 1.91 em (0.75 in.), 1.27 em (0.50 in.) and
0.64 cm (0.25 in.) diameter. They were tabbed with 1l-ply glass/
epoxy crossply tabs (3M, 1002 Scotchply) as shown in Figure 13.
All holes were drilled with diamond core drills. Two specimens
were tested for each hole diameter.

2. STRAIN MEASUREMENT

Deformations and strains were recorded at various load
increments using strain gages and birefringent coatings. Strain
gages were mounted on the curved edge of the hole at the 0O-degree
and 90-degree locations (Micro-Measurements EA-06-015DJ-120), near
the hole boundary and along the horizontal (normal to loading)
axis. The strain gage output was recorded by means of a digital
data acquisition system, which gave a printout directly in strain
units.

In half the specimens birefringent coatings were bonded to
one side to obtain full-field strain information. Commercial
coatings with a reflective backing (Photolastic, Inc.) of 0.5 mm
(0.02 in.) and 1 mm (0.04 in.) thickness were used. The iso-
chromatic fringes in the coating were observed with a reflection
polariscope and recorded photographically.

Photoelastic coating fringes were interpreted on the basis
of the strain-optic law

20
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where superscripts c¢ and s refer to coating and specimen,

respectively, N is fringe order, h the coating thickness and

fe the strain fringe value, a material constant. The principal

strain along a stress-free boundary where the directions of

principal stress and principal strain coincide is given by
8] Nfe. 5

1 2h ~ I+C

Moiré techniques were used in some cases to obtain full-
field information of the in-plane surface displacements. Application
of these techniques to composites have been discussed before
(References 2 and 3). Arrays of 400 lines/cm (1000 lines/in.)
were applied to the specimen surface around the notch. The
specimen surface was made reflective by depositing a thin coating
of epoxy dyed white with Titanium dioxide. The film with the array
of lines was then bonded on this white reflective surface. During
testing, a similar film with the same array of lines was placed
in contact with the specimen array by means of a film of oil.
Deformation of the specimen produces interference fringes which
represent loci of constant component of displacement normal to the
specimen array. Differentiation of these displacement loci yields
strains.

3. LOADING

Uniaxial notched specimens were loaded mainly through
friction by bolting gripper plates lined with emery cloth to the
tabbed ends. The specimens were loaded in increments in a
120,000 1b Riehle testing machine at a crosshead rate of 1 mm/min
(0.04 in/min). At every load level strains were recorded with a
digital data acquisition system and photoelastic and moire fringes
recorded photographically.

22




4. RESULTS

Ex "

Vgy =

(k)ggo =
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Specimen No. 4A-1 had a 2.54 cm (1 in.) diameter hole. fg
It was instrumented with a 1.07 mm (0.042 in.) thick photo-
elastic coating on one side and strain gages on the other. Strain
distributions obtained from the strain gages are plotted in
Figure 14. Strains on the boundary of the hole and near it
are linear up to an applied stress of 172 MPa (25 ksi). There-
after, the strain variation changes abruptly with the strain |
increasing at a reduced rate. This occurs at a strain level of P
approximately 6.5 x 10'3. The modulus, Poisson's ratio and P
: strain concentration factor were computed for the linear portion
| of the strain variation curves. These values as well as the
strength reduction ratio are:

The theoretical value for the strain concentration factor computed
from the expression

(k) gge

is 3.44 which is higher than the experimental value above. The
strength reduction factor, or the inverse of the strength
reduction ratio (1.80) is appreciably lower than the strain
concentration factor. This is a result of the nonlinear strain
variations at and near the hole boundary related to extensive
stress redistribution.

84 GPa (12.1 x 10° psi)
0.70 £
3.27
445 MPa (65 ksi)
83z = 0.555
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Photoelastic fringe patterns in the coating around the
hole are shown in Figure 15 for three levels of load. The
characteristic points of high tangential strain concentration on
the hole boundary off the horizontal axis are evident. In
this case these points are located at an angle of approximately
67.5° from the loading axis. The variation of fringe order and
tangential strain at the 0-, 67.5- and 90-degree locations on the
hole boundary is shown in Figure 16. The fringe order at the O-
degree location, corresponding to the compressive strain at that
point, varies nearly linearly to failure. The birefringence at the
90-degree location varies linearly up to an applied stress of
approximately 241 MPa (35 ksi), thereafter it increases at a much
reduced rate as the corresponding strains obtained from strain gages.
The birefringence at the 67.5-degree location becomes nonlinear
at a lower stress of 138 MPa (20 ksi). Failure initiated at
these off-axis points.

Specimen No. 4A-2 with a 2.54 cm (1 in.) diameter hole was
a replicate of No. 4A-1 above. It was instrumented with strain
gages on the hole boundary, near the hole and in the far field.
Strain distributions obtained from the strain gages are plotted in
Figures 17 and 18. Strains on the boundary of the hole and near
it are linear up to an applied stress of 138 MPa (20 ksi). There-
after, these strains increase at a reduced rate. This is due to
some stress redistribution taking place at a maximum strain of
approximately 6 x 10'3. It should be noted that the ultimate strain
of the laminate in the 22.5-deg. direction is only 4 x 1073, The
modulus, Poisson's ratio, and strain concentration factors were
computed for the linear portion of the strain curves. These values
as well as the strength and strength reduction ratio are:

25
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= 6
E_ . 81 GPa (11.8 x 10" psi)
Ve = 0.59
(ks)90° = 3.43

(ke)0° = -2.26
S 376 MPa (54.5 ksi)
0.470

xxT

kS

The theoretical values for the strain concentration factors above

are 3.44 and -1.85. The maximum measured strain on the hole boundary

ig 11.3 x 10-3 which is higher than the ultimate strain 10 x 10.3
of the unnotched coupons in the 0-degree direction.

Specimen No. 4A-3 had a 1.91 cm (0.75 in.) diameter hole
and was instrumented with a 1.07 mm (0.042 in.) thick photoelastic
coating and strain gages. Strain distributions along the hori-
zontal axis are plotted in Figure 19. The strain on the boundary
of the hole is linear up to an applied stress of approximately
172 MPa (25 ksi) as in the case of Specimen No. 4A-1 above. There-
after, the strain varies at a much reduced rate. Values of the
modulus, Poisson's ratio, strain concentration factor, strength and
strength reduction ratio are:

E._ = 84 GPa (12.2 x 10% psi)

XX
Vey = 0.60

(ke)90° - 3,37
Sext = 362 MPa (52.5 ksi)

R - -
ks e 0.453

The strain concentration factor above is close to the theoretical
value of 3.44. The strength and strength reduction ratio are

appreciably lower than for Specimen No. 4A-1 with the 2.54 cm (1 in.)

diameter hole.
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Isochromatic fringe patterns in the coating around the
hole are shown in Figure 20 for three levels of load. The variation
of fringe order and tangential strain at the three characteristic
locations is shown in Figure 21. The location of tangential strain
concentration was measured as 6 = 72 deg. The birefringence at
this location is linear up to an applied stress of 138 MPa (20 ksi).
Failure initiated at these off-axis points.

Specimen No. 4A-4 with a 1.91 cm (0.75 in.) diameter circular
hole was a replicate of No. 4A-3 above and was instrumented with
strain gages similarly as specimen No. 4A-2. Strain distributions
on the boundary of the hole at four locations and along the hori-
zontal axis are plotted in Figures 22 and 23. The strain on the hole
boundary (Figure 22) becomes nonlinear at a low stress of 62 MPa
(9 ksi). Local failures became audible at a stress of 190 MPa
(27.5 ksi) corresponding to a strain of 6.3 x 10-3. Thereafter, the
strain on the hole boundary increases nearly linearly at a lower rate
up to a stress of 345 MPa (50 ksi). At this level more audible
failures occurred followed soon by visible total delamination of a
strip near the hole along the vertical axis. This is a result of
compressive transverse failure at the hole boundary on the vertical
axis. This occurred at a maximum compressive strain of 10.3 x 1073,
The elastic properties in the linear range and the ultimate properties
for this specimen are as follows:

i 6
Exx 79 GPa (11.4 x 10" psi)

vxy = 0.67
(ke)90° = 3 31
(ke)0° = -2.03
414 MPa (60 ksi)

0.517
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(Spec. No. 4A-3)
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Specimen No. 4A-5 had a 1.27 cm (0.50 in.) diameter hole
and was instrumented with strain gages and a 0.61 mm (0.024 in.)
thick photoelastic coating. Strain distributions along the
horizontal axis are plotted in Figure 24. The strain on the boundary
of the hole is linear up to an applied stress of 172 MPa (25 ksi),
thereafter it varies at a reduced rate. Values of the modulus,
Poisson's ratio, strain concentration factor, strength and strength
reduction ratio are:

E., = 84GPa (12.2 x 10° psi)
w = 0.68
(k )gge = 3.1
S,y = 414 MPa (60 ksi)
k, = 3% =o0.517

The value of the strain concentration factor above is lower than the
theoretical value of 3.44. Isochromatic fringe patterns were similar
to those obtained for specimens No. 4A-1 and No. 4A-3 before with

the characteristic fringe concentrations at the off-axis locations.

Specimen No. 4A-6 with a 1.27 cm (0.50 in.) diameter circular
hole was a replicate of No. 4A-5 above and was instrumented with
moiré grids of 400 lines/cm (1000 lines/in.) around the hole in the
horizontal and vertical directions. Strains on the boundary of the
hole and in the far field obtained from moiré fringe patterns are
shown in Figure 25. The maximum strain on the boundary of the hole
is linecar up to a stress of approximately 207 MPa (30 ksi),
corresponding to a strain of 10 x 10 ° which is the ultimate strain
of the unnotched laminate. Thereafter, the strain increases at a
sharply lower rate. The elastic properties in the linear range and
the ultimate pronerties for this specimen are as follows:
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B 6
Exx 82 GPa (11.8 x 10~ psi)
Vgy = 0.66
(ks)90° = 3.64
sxxT = 466 MPa (67.5 ksi)
ks = 0.582

The ultimage strain measured from the moire fringe patterns is

19.5 x 10 °.
Specimen No. 4A-7 had a 0.64 cm (0.25 in.) diameter hole and
was instrumented with strain gages and a 0.61 mm (0.024 in.) thick
photoelastic coating. Strain distributions along the horizontal
axis are plotted in Figure 26. The strain on the hole boundary is
linear up to an applied stress of 172 MPa (25 ksi), thereafter it
varies at a reduced rate. The elastic properties in the linear range
and the ultimate properties are as follows:

6

EXX

84 GPa (12.2 x 10" psi)
ny 0.69
(ke)90° = 3,22

S 414 MPa (60 ksi)

0.517

xxT

kg

The isochromatic fringe patterns in this case did not show distinctly
the characteristic fringe concentration at the off-axis locations.

A relatively long arc around the 90-degree location on the hole
boundary seems to be under uniform circumferential strain.

Specimen No. 4A-8 with a 0.64 cm (0.25 in.) diameter hole was
a replicate of No. 4A-7 above and was instrumented with strain gages.
Strains along the horizontal axis are plotted in Figure 27. The
strains on the boundary of the hole and near it display the
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characteristic bilinear behavior. The maximum strain becomes
nonlinear first at a stress of 138 MPa (20 ksi), thereafter it
increases nearly linearly at a lower rate up to a stress of

431 MPa (62.5 ksi). At this level the outer O-degree strips

along the vertical axis of the specimen through the hole started
separating, thereby blunting the strain concentration. Final
failure occurred away from the hole after the specimen had separated
essentially into two strips. The elastic properties in the linear
range and the ultimate properties are as follows:

E, = 81 GPa (11.8 x 10% psi)
vxy = 0.66
(k )gge = 3.0
S.er = 600 MPa (87 ksi)
kg = 0.750

Several additional plates of [02/t45]8 layup with central
circular holes were prepared and tested under uniaxial tensile
loading. Typical failure modes are illustrated in Figure 28.
Specimens No. 4A-9 through 4A-12 had holes of 2.54 cm (1 in.),
1.91 em (0.75 in.), 1.27 cm (0.50 in.) and 0.64 cm (0.25 in.)
diameter. They were instrumented with strain gages on the boundary
of the hole and in the far-field. Additional specimens 2.54 cm
(1 in.) wide with holes of diameters 4.76 mm (0.187 in.), 3.17 mm
(0.125 in.), 1.57 mm (0.062 in.), and 0.41 mm (0.016 in.) were
tested. All specimens with 0.41 mm (0.016 in.) holes and most
specimens with 1.57 mm (0.062 in.) diameter holes failed away from
the hole, thus indicating a strength reduction ratio of unity.

5. EFFECT OF HOLE DIAMETER

Results for all specimens with holes of diameters between
0.64 cm (0.25 in.) and 2.54 cm (1 in.) are tabulated in Table 5.
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Figure 28.

Failure Patterns in [02/+45]g Graphite/Epoxv Specimens With
Holes of Various Sizes Under Uniaxial Tension. (Hole Diameter$§

are 2.54 cm (1 in.), 1.91 em (0.75 in.),
and 0.64 cm (0.25 in.)
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The average values for modulus, Poisson's ratio and strain con-
centration factors for twelve specimens are:
- 6
Exx 82 GPa (11.9 x 10~ psi)
Vey = 0.65
(ke)90° = 3.24
(ke)0° = -2.17
Theoretical values for the strain concentration factors are (ke)90°=
3.44 and (ke)0° = -1.85. Values of the strength reduction ratio for
these twelve specimens range between 0.470 and 0.802. The maximum
strain measured on the hole boundary at failure ranges between
9.5 x 10°3 and 13.1 x 1073 compared to an ultimate strain of 10 x 1073
for the unnotched laminate in the 0-deg. direction.
The hole size effect was described using the average stress
criterion for the [02/i45]s laminate under uniaxial loading proposed
by Whitney and Nuismer (Reference 4) and applied in the case of the
[0/145/90]s laminate in the first phase of this work (Reference 1).
For this purpose, an approximate expression suggested by Konish and
Whitney (Reference 5) was used for the stress distribution along
the horizontal axis through the hole:
o,(x,0) _ 7 A k -3 3 &
L B Mkt Tar e a0 ) 1
where
ov(x,o) = vertical (axial) stress along horizontal axis
LR = applied far-field stress |1
P '% |
a = hole radius |
ko = anisotropic stress concentration factor ¥
According to the average stress criterion applied in this %
case, failure occurs when the axial stress averaged over a distance E
a, from the hole boundary equals the unnotched tensile strength %
46 'y




of the laminate. The strength reduction ratio computed for this
criterion is

E e 2
s (I+g) T2+es+(k -3)E0]

where

a

E:
a+ao

e * characteristic length dimension

}
i &8
P
b
b
b
i
1
%,
.
@
ke
2
%

Experimental results for the strength reduction ratio are in good
agreement with theoretical ones based on the average stress criterion
for a characteristic length of A= 5 mm (Figure 29). The only
discrepancies occur for very small and large diameter holes. In the
former case, the average stress criterion does not predict the fact
that there is a critical hole (notch) size below which the laminate
becomes insensitive to it. In the case of large holes local buckling
in the compressively stressed part of the hole boundary causes more
stress redistribution around the hole near the horizontal axis and
alters the failure mode.

6. SUMMARY AND CONCLUSIONS

An experimental study was conducted of the deformation and
failure of uniaxially loaded [02/-_!_-451s graphite/epoxy plates with
holes of various diameters. Experimental methods used were strain
gages, birefringent coatings and moiré grids. The hole diameters
investigated ranged between 2.54 cm (1 in.) and 0.41 mm (0.016 in.).

In the linear range, the measured stress (strain) concentration
factor on the horizontal axis 3.24 is somewhat lower than the
theoretical value of 3.44. The compressive strain concentration
factor on the vertical axis -2.17 is higher than the theoretical
value of -1.85. Strains on the hole boundary on the horizontal axis
i become nonlinear at an applied stress of approximately 173 MPa
(25 ksi) corresponding to a local strain of 0.0065. Thereafter, the
maximum strain on the hole boundary increases nearly linearly at a

I ————
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much reduced rate. The level of first nonlinearity above corresponds
to a strain level of over 0.004 on the hole boundary at the O-degree
location. The strain response of the unnotched [0,/+45]  laminate

in the 90-degree direction becomes appreciably nonlinear at this
strain level (Figures 11 and 12). This material nonlinearity at

the O-degree location on the hole boundary produces a stress re-
distribution around the hole boundary resulting in nonlinear response
at the 90-degree location. A second level of pronounced nonlinearity
occurs as a result of stress and strain redistribution produced by
localized compressive failure (delamination) on the hole boundary
around the vertical axis. Maximum measured strains at failure on

the hole boundary are somewhat higher than the ultimate strain of

the unnotched laminate.

In the specimens with larger holes failure initiates at
locations around the circumference approximately 72-degrees from
the load axis, at points of high strain concentration with nonlinear
response. In the case of smaller holes the outer 0O-degree plies
through the hole tend to separate and thus reduce or eliminate the
strain concentration at the 90-degree location.

The strength reduction ratio ranges between 0.470 and 0.802
for holes between 2.5 cm and 0.64 cm in diameter. The effect of
hole diameter can be described satisfactorily by using the average
stress criterion with a characteristic length of a, = 5 mm. There
is a critical hole diameter, approximately 1.57 mm (0.062 in.),
below which the laminate becomes insensitive to it, i.e., failure
is as likely to occur through the hole as elsewhere.
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SECTION V
BIAXIAL TESTS OF PLATES WITH HOLES

1. SPECIMENS

The specimens were 8-ply [02/145]s 40 cm x 40 em (16 in. x
16 in.) graphite/epoxy plates. Corners of approximately 5 cm x 5 cm
(2 in.) sides were cut off from these plates. These plates were
then tabbed with 5-ply crossply glass/epoxy tabs having the outer
fibers parallel with the 0-degree fibers of the graphite/epoxy
laminate. These tabs had a circular cutout in the center of 20.3 cm
(8 in.) diameter. A sketch of this specimen is shown in Figure 30.
Central circular holes were drilled in the specimens with diamond
core drills. Four hole diameters, 2.54 em (1 in.), 1.91 em (0.75 in.),
1.27 em (0.50 in.) and 0.64 cm (0.25 in.), were investigated. Two
specimens were tested for each hole diameter.

2. STRAIN MEASUREMENT

Deformations and strains were measured using strain gages,
birefringent coatings and moiré grids. Strain gages were mounted
on the hole boundary, near it and in the far field along the hori-
zontal (x-) and vertical (y-) axes of symmetry. In most cases
birefringent coatings 0.5 mm (0.02 in.) and 1 mm (0.04 in.) thick
were used on one side of the specimen.

3. LOADING AND DATA RECORDING

Four 0.95 cm (0.037 in.) diameter holes were provided on
each side of the tabbed specimen for bolting individual pairs of
metal grips approximately 5 cm (2 in.) wide and 10 cm (4 in.) long.
Loading was introduced by means of four whiffle-tree grip linkages
designed to ensure that four equal loads were applied to each side
of the specimen. A photograph of a biaxial specimen with the loading
grip linkages is shown in Figure 31.

Load was applied by means of two pairs of hydraulic jacks
attached to the four sides of a reaction frame. The load was
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transmitted from the hydraulic cylinders to the grip linkages

through cylindrical rods going through the bore of these
cylinders. The rods were instrumented with strain gages and
calibrated in a testing machine to establish the exact
relationship between loads and strain gage signals. These strain
gage readings were used subsequently both for recording the

exact loads applied to the specimen and as feedback signals for
controlling the pressures by means of the servohydraulic system
used.

The specimens were loaded in increments under a 2:1 biaxial
tension with the highest load in the direction of the 0-degree
fibers. At each load level strains and loads were recorded with
a digital data acquisition system and photoelastic and moiré
fringes recorded photographically.

The relationship between the input loads and the effective
stress for the specimen geometry used and stress biaxiality
desired was established by preliminary calibration tests. Unnotched
specimens of [OZ/tAS]S layup tabbed as described above were
instrumented with strain gages at the center and at far-field
locations. The principal strains at the center of this unnotched
plate are related to the effective stresses 991 and G99 by

i
11

1
12210 Pe0 P30T B (092 = Vo1 97117

€11 = S11 911 * S12 922 = (017 = V12 992)

=1

€29 = S

where directions 1 and 2 are parallel and normal to the 0-deg.
fibers, respectively. Substituting the measured values of the
material constants

81 GPa (11.8 x 10° psi)

E =
11 6
E,y = 24 GPa (3.46 x 10" psi)
Vip = 0.65
Vo1 = 0.20
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and the desired biaxiality relation 011 = 2022, we obtain

€99 = 1.52611.

The input load ratio was adjusted until the desired strain ratio
above was obtained at the center of the plate.

4. RESULTS

Specimen No. 6A-1 had a 2.54 cm (1.00 in.) central circular
hole. It was instrumented with a 0.5 mm (0.02 in.) photoelastic
coating and strain gages on the hole boundary, near it and in the
far-field along the horizontal and vertical axes. The specimen
was loaded in biaxial tension producing a 2:1 ratio of effective
stresses in the vicinity of the hole. The variation of strains
with effective far-field vertical stress (in the 0O-deg. direction)
is shown in Figures 32 and 33. On the horizontal axis, the strain
on the hole boundary is linear up to an applied vertical stress of
138 MPa (20 ksi), thereafter this strain as well as vertical strains
near it increase at a decreasing rate. This is a result of stress
redistribution around the hole boundary caused by fracture initiation
at points off the horizontal axis. This phenomenon was more pro-
nounced under uniaxial loading. On the vertical axis the strain
on the hole boundary remains linear up to an applied vertical stress
of 255 MPa (37 ksi) whereas strains near it become nonlinear
earlier at a stress of approximatelr 159 MPa (23 ksi).

Stress ratios were computed at two locations on the hole
boundary for the linear range of response:

o
66
== aune = 0.55
(Uyy) 6=0

a
606
=2 _ape= 2.12
(oyy) 8=90
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The corresponding theoretical values for these ratios based
on linear anisotropic elasticity are 0.62 and 2.51.

Isochromatic fringe patterns in the photoelastic coating
around the hole are shown in Figure 34 for various levels of
applied stress gy Characteristic points of birefringence
concentration develop at points 22.5-deg. off the horizontal
axis only. Visible failure initiated at one of these points at
a stress of approximately 276 MPa (40 ksi). The variation of
fringe order and strain with stress at the 0-, 67.5- and 90-
deg. locations is plotted in Figure 35. The first nonlinear
response occurs at the 67.5-deg. location at a stress of
approximately 172 MPa (25 ksi). Fracture initiation is followed
by localized unloading on the hole boundary around the 90-deg.
location.

Failure is preceded by extensive delamination of the outer
O-deg. plies near the vertical axis as shown by the strain readings
of Figure 33. This delamination starts early, at around 40 percent
of the ultimate load. Ultimate failure took the form of vertical
cracks starting at two characteristic points off the horizontal ,
axis (Figure 36). The vertical stress at failure was 311 MPa '
(45.1 ksi).

Specimen No. 6A-2 with a 2.54 cm (1.00-in.) central circular
hole was a replicate of No. 6A-1 above. It was instrumented with
strain gages and 400 lines/cm (1000 1lpi) moire rulings in the
two loading directions. The specimen was loaded in biaxial tension ?
producing a 2:1 ratio of effective stresses in the vicinity of
the hole. The variation of strains obtained from strain gages along
the two loading axes is shown in Figures 37 and 38. One the
horizontal axis the strains on the hole boundary and near it are
linear up to an applied vertical stress of 155 MPa (22 ksi),
thereafter they increase at a decreasing rate. On the vertical

ot
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Figure 36.

Failure Pattern in [02/+45]g Graphite/
Epoxy Specimen With 2.5%4 cm (1 in.)
Diameter Hole Under 2:1 Biaxial Loading

(Spec. No. 6A-1)
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axis the strain on the hole boundary remains linear up to an
applied vertical stress of 225 MPa (33 ksi). The stress ratios
computed at two locations on the hole boundary in the linear
range are:

%0

°yy

Moire fringe patterns were obtained by superimposing arrays
of 400 lines/cm (1000 1pi) in the two loading directions. Fringe
patterns for three levels of load are shown in Figure 39. Strains
on the boundary of the hole and at some distance from it were
obtained by graphical differentiation of the fringe patterns
(Figure 40). The strains at two locations on the hole boundary,
on the horizontal and vertical axes, are very close to each other
and are linear up to an applied vertical stress of 155 MPa (22 ksi).
However, contrary to the indications from the strain gages the
strains increase at a faster rate beyond the stress level above.
Stress ratios for the linear range at the 0-degree and 90-degree
locations obtained from the moire data are 0.61 and 2.09,
respectively.

) 6290~ 2-09

Failure was preceded by extensive delamination of the outer
0-degree plies near the vertical axis. Audible noises started at
an applied stress of 182 MPa (26 ksi) and continued until final
failure which occurred at an applied stress of 299 MPa (43.4 ksi).

The failure pattern is shown in Figure 41.

Specimen No. 6A-3 had a 1.91 em (0.75 in.) hole and was
instrumented with strain gages and a 0.5 mm (0.02 in.) thick
photoelastic coating. It was loaded similarly as Specimen No.
6A-2 above. The strain variations along the two loading axes are

63
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' Figure 41. Failure Pattern of [02/+45]g Graphite/Fpoxy Specimen
With 2.54 cm (1.00 in.) Hole Under Biaxial Loading

cyy = 20xx (Spec. No. 6A-2)
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shown in Figures 42 and 43. On the horizontal axis the strain on
the boundary is linear up to an applied stress of 159 MPa (23 ksi),
thereafter it increases at a reduced rate. The stress ratios at
two locations on the hole boundary are:

%90
oyy 0=90°" 2.01

Isochromatic fringe patterns in the photoelastic coating
around the hole are shown in Figure 44 for three levels of applied
stress. As observed before, characteristic regions of bire-
fringence concentration develop at points approximately 25-degrees
‘ off the horizontal axis. The variation of fringe order and
strain at the 0-, 65- and 90-degree locations is plotted in
Figure 45. The first nonlinear response occurred at the 65-degree
location at a stress of approximately 152 MPa (22 ksi). Fracture
initiation was followed by localized strain relief on the hole
boundary around the 90-degree location.

The failure mode was the same as for Specimen No. 6A-2
above. The first audible fractures occurred at a stress of 130 MPa
(19 ksi). Ultimate failure occurred at 325 MPa (47.1 ksi). The
failure pattern is shown in Figure 46.

Specimen No. 6A-4 was a replicate of No. 6A-3 above with
a 1.91 cm (0.75 in.) diameter hole and was ingtrumented with
strain gages and 400 lines/cm (1000 lps) moire rulings in the two
loading directions. It was loaded in biaxial tension producing a
{ ratio of effective stresses in the vicinity of the hole. The
‘v#win variations along the two loading axes are shown in Figures
s 4% On the horizontal axis the strain on the hole boundary
ww#r up to an applied vertical stress of 200 MPa (29 ksi),

1 i i D PR B VLB eI 1 57 7 51
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Figure 46.

Failure Pattern of [02/+45]g Graphite/Epoxy
Specimen With a 1.91 cm (0.75 in.) Hole

Under Biaxial Loading o = Zox (Spec. No. 6A-3)
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thereafter it increases at a reduced rate. On the vertical axis
the strain on the hole boundary remains linear up to a stress

of 248 MPa (36 ksi). The horizontal strains near the hole
boundary are slightly larger than that on the boundary (Figure
48). The stress ratios at two locations on the hole boundary

in the linear range are:

o
.ﬁ = 0_62
%yy/e=0°

999
Uy e=9oo= 2-04

Moiré fringe patterns corresponding to horizontal and
vertical deformations around the hole are shown in Figure 49 for
three levels of load. Strains on the boundary of the hole and
at some distance from it were obtained by graphical differentiation
of these patterns (Figure 50). Strains on the hole boundary are
linear up to an applied stress of approximately 207 MPa (30 ksi).
The stress ratios computed from the moiré data in the linear range
at the O-degree and 90-degree locations are 0.56 and 2.53,
respectively.

The failure mode was the same as for the specimens discussed
before. The first audible fracture occurred at a stress of 156 MPa
(23 ksi). Ultimate failure occurred at 325 MPa (47.1 ksi). The
failure pattern is shown in Figure 51.

Specimen No. 6A-5 had a 1.27 em (0.50 in.) diameter hole
and was instrumented with strain gages and a 0.61 mm (0.024 in.)
thick photoelastic coating. It was loaded similarly as specimen
No. 6A-4 above. The strain variations along the two loading axes
are shown in Figures 52 and 53. On the horizontal axis the strain
on the hole boundary is linear up to an applied stress of 166 MPa
(24 ksi), thereafter it increases at a reduced rate as seen in all
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Figure 51.

Failure Pattern of [0p/+45]g Graphite/Epoxy
Specimen With a 1.91 cm (0.75 in.) Diameter
Hole Under Biaxial Loading Oyy = 20xx

(Spec. No. 6A-4)
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previously discussed specimens. The strain on the hole boundary
on the vertical axis also becomes nonlinear at the same stress
level above. The computed stress ratios in the linear range at
two locations on the hole boundary are:

Thal

{;ﬁ‘ = 0.62

L Cyy! 6%0°

{

(0]

099 = 2.02
yy 6=90°

Isochromatic fringe patterns in the photoelastic coating
around the hole are shown in Figure 54 for two levels of applied
stress. In addition to the previously observed birefringence
concentration at the 67-deg. locations, there is pronounced
concentration of equal or greater intensity at the 0-deg. location.
The variation of fringe order and strain at the 0-, 67- and 90-
degree locations is plotted in Figure 55. The strain at all three
locations varies linearly up to a stress of approximately 193 MPa
(28 ksi). The localized strain at the 0O-deg. location is
comparable to and even exceeds the peak strains at the 67-deg.

off-axis locations. Ultimate failure occurred at 330 MPa (47.9 ksi).

The failure pattern is shown in Figure 56.

Specimen No. 6A-6 with a 1.27 cm (0.50 in.) diameter hole
was a replicate of specimen No. 6A-5 above. It was instrumented
with strain gages only. The strain variations along the two
loading axes are shown in Figures 57 and 58. Strains on the
boundary of the hole are linear up to an applied stress of 155 MPa
(22 ksi). The stress ratios at two locations on the hole boundary

are:
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Figure 56. Failure Pattern of [02/+45]g Graphite/Epoxy

Specimen With 1.27 cm (0.50 in.) Diameter é'
Hole Under Biaxial Loading o = 20 i
(Spec. No. 6A-5) y -
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The first audible fracture occurred at a stress of 156 MPa
(23 ksi) which is very close to the limit of linearity. Ultimate
failure occurred at 312 MPa (45.3 ksi). The failure pattern is
shown in Figure 59.

Specimen No. 6A-7 had a 0.64 cm (0.25 in.) diameter hole.
The initial 5-ply glass/epoxy tab was reinforced with three
additional layers of resin-impregnated cloth (style No. 1581) which
was laid over each side of the original tab and cured in place.
This overlay extended up to a 15.2 em (6 in.) diameter circle in
the middle of the specimen. The specimen was instrumented with
strain gages and a 0.5 mm (0.020 in.) thick photoelastic coating.
Strain variations along the two loading axes are shown in Figures
60 and 61. On the horizontal axis the strain on the boundary of
the hole is linear up to an applied stress of 166 MPa (24 ksi).
On the vertical axis the strain on the hole boundary is linear up
to a stress of 117 MPa (17 ksi). The horizontal strain near the
hole boundary (y/a = 1.24) is slightly larger than that on the
boundary (Figure 61). The stress ratios at two locations on the
hole boundary in the linear range are:

o
(C;LG = 0.58
yy/ 6=0°

Uyy 6-900. 2.02

Isochromatic fringe patterns in the photoelastic coating
around the hole are shown in Figures 62 and 63 for six levels of
applied vertical stress. The fringe patterns at low loads indicated
a nearly uniform strain distribution on the boundary of the hole.

The first evidence of surface cracking in the vertical direction
occurs at the O-deg. points (vertical axis) at an applied stress
of 204 MPa (29.5 ksi). Birefringence (strain) concentration develops




Figure 59. Failure Pattern of [07/+45]g Graphite/Epoxy
Specimen With 1.27 cm (0.50 in.) Diameter Hole

Under Biaxial Loading gyy = anx (Spec. No. 6A-:
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later at points 60-deg. off the vertical axis with vertical
cracks initiating from such points at a stress of 255 MPa
(36.9 ksi). The vertical surface-crack pattern gradually
extends throughout the specimen, whereas the birefringence
(strain) level at the 60-deg. and 90-deg. locations remains
unchanged. Only the strain at the 0-deg. location continues
increasing to failure. The birefringence and strain variation
at the three locations above on the hole boundary is plotted

in Figure 64. All three strains are approximately equal and
vary linearly up to an applied stress of 204 MPa (29.5 ksi).
Thereafter, the strain at the 90-deg. location increases little
or stays nearly constant up to failure. At the 60-deg. location
the strain increases further at a faster rate up to a point

and then it remains constant up to failure. At the 0-deg.
location the strain exceeds that at the 60-deg. location and
continues increasing up to failure. The maximum surface strain
at failure is approximately 0.021. Ultimate failure occurred at
a stress of 482 MPa (69.8 ksi). The failure pattern is shown

in Figure 65.

Specimen No. 6A-8, a replicate of No. 6A-7 above, had a
0.64 cm (0.25 in.) diameter hole and was instrumented with strain
gages. It had the same type of tab reinforcement as specimen
No. 6A-7 above. Strain variations along the two loading axes
are shown in Figures 66 and 67. On the horizontal axis the strain
on the boundary of the hole is linear up to an applied stress of
173 MPa (25 ksi), then it continues at a slightly decreased rate
up to a stress of 230 MPa (33 ksi). Thereafter, the rate of
increase of this strain is decreased sharply. On the vertical
axis the strain on the hole boundary is initially linear only up
to a stress of 52 MPa (7.5 ksi) then, it varies linearly at a
reduced rate up to a stress of 154 MPa (22 ksi). The horizontal
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Figure 64. Fringe Order and Circumferential Strain at Three
Locations on the Hole Boundary of [02/+45]g Graphite/
Epoxv Snecimen Vith 0.64 cm (0.25 in.) Diameter Hole
Under Biaxial Loading ovy = 2°xx (Spec. No. 6A-7)
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Figure 65.

Failure Pattern of [02/+45]g Graphite/Epoxy
Specimen With 0.64 cm (0.25 in.) Diameter
Hole Under Biaxial Loading o =

- 2o
(Spec. No. 6A-7) yy XX

95




(8-v9 ‘oN ‘oadg) Xoz = £

%D NCHUNOA Hw.munm«m aapun @TOH I233uwelq A.ﬂﬂ mNCv

wo $9°0 YITM uswmroads Axodd/a3tydery S[gH+/C0] JO SIXY JeIUOZTIOH BUOTY SUTBIIS “99 2and14
umOH ‘NIVYLS
6 8 L 9 S i € Z 0
m T | I | 1 I ) i 0
~01
o
AL
1¢ e
26°C ¢
8t'¢C e 02
w1 A4 3
KK =
I. 00°1 £
: ®/X e
LOE o o
<
r, 3
] =
7]
>
- 0%
7 0O O O o ~
3 L og
0 L0 LN D Q ~
\/ O o o
X . % 9 oy
v ® (r [ ] 0 ﬁco




(8-V9 "ON "d3dg) XXoz = Ao Buipeo TeIXETg 19pUN STOH I233WEIA (UT SZ°0)

3

w> $9°0 Y3ITM uawidadg Axodjg/a3itydeay S[cy+/C0] 3JO SIXY [EOI3I13\ Juoly sureils /9 2an3yj
3¢01 ‘NIVYLS
6 8 L 9 S ¥4 £ [4 1 0
= T T T T T T T T
€ \ 4
X v
0 N/
i e \v 00T~
AL ——
.HN .usﬁu Qe | \/
o e P o \
971 ‘T3 =—O0— *e »v
e
ag-x! B o— : v/
[ | 1%/
i 0 sy, 0077
[ ] ¥/
1 [J a \/
[J ] \/
o 4 v 00€]
® (m] v, =
o
)
0) 0O v, e
\ a v,
B v, 00%+
a v,

0
=01
-0z
4
&
w
5o
-0g . o
o
=
]
ot
Loy
oS
L09

97




strain near the hole boundary (y/a = 1.24) is slightly larger

than that on the hole boundary (Figure 67). It varies similarly
as the latter up to a stress of 154 MPa (22 ksi), thereafter it
increases at a very rapid rate to failure of the gage at 205 MPa
(30 ksi). The stress ratios at two locations on the hole boundary
in the linear range are:

(o]
= = 0.59
yy| 6=0°

%90
55y 6=g0e= 2-01

Ultimate failure occurred at a stress of 424 MPa (61.5 ksi). The
failure pattern consisted of cracking in the vertical direction
tangent to the hole (Figure 68).

5. EFFECT OF HOLE DIAMETER

Results for all [02/_4;45]s specimens with holes subjected
to 2:1 biaxial tensile loading are summarized in Table 6. The
average values of the strain ratios at two locations on the hole
boundary in the linear range are:

(o]
599 = 0.60
9=0°

= 2.08
B-90°

The corresponding theoretical values are 0.62 and 2.51, respectively.
There is no plausible explanation for the appreciably lower measured
strain at the 90-deg. location, except for the fact that this strain
was measured with a miniature gage on the middle part of the laminate
thickness.
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Figure 68.

Failure Pattern of [02/+45]g Graphite/Epoxy
Specimen With 0.64 cm (0.25 in.) Diameter
Hole Under Biaxial Loading o = 20 -
(Spec. No. 6A-8) yy "

99




€5°0 i< (6°19) wtw 10°Z | 66°0 | (S2°0) %9°0 8-v9
09°0 12 (8°69) I8% 20°Z |8S°0 | (SZ°0) %9°0 L-V9
6€°0 (€°Sy) TI€ 80°C [%¥9°0 | (0S°0) (T°'1 9-Vv9
%7°0 €°6G1 (6°L%) o0f¢E 20°z [29°0 | (0S°0) LZ°1 ¢-v9
I%°0 (1°Lw) ste 82°C2(29°0 | (s£°0) 16°1 %-V¥9
%0 %91 (1°Lv) ste 10°C2 | 19°0 | (62°0) 16°T £€-V9
LE0 (7°€%) 662 60°C {09°0 | (00°T) %S°CT Z-v9
6€°0 S 91 (1°s%) 11¢ ZT1°C [SS°0 | (00°T) %S°2C 1-V9
0. ,lAA (G._0T) (Ts)) ®edn 206=0 | ,0=6 (Tur) wd "ON
S/ S LK 2 — 3
ot3Ey sanTteg ey g CoBy e s

GOH&O#@UM Jje urteajg 889139 wuﬂ.:nm.m oT3ey mmmhum.

yaduaalg WNuWXeN

ONIAVOT 'IVIXVIE 1:7 YIANN SITTIOH YVINOWID HIIM SHLVNIWVI m~m¢ﬂ\~o_

9 91qelL

100



— vﬂ,vi‘;~%\ﬂﬂ

e R St T 7 3T

R

In all cases ultimate failure is preceded by audible
fractures starting at an applied vertical stress of approximately
172 MPa (25 ksi) which coincides with the stress level at which
the strains around the hole boundary become nonlinear. The maximum
strain at failure on the hole boundary, measured by means of
photoelastic coatings, ranges between 14.5 x 10'3 and 21 x 10.3
compared to an ultimate strain of 10 x 10'3 for the unnotched
laminate in the 0-deg. direction. This maximum strain occurs
near the 65-deg. location for large diameter holes and near the
O-deg. location for the smaller diameter holes. The stress level
and location of failure initiation can be predicted approximately
by comparing the circumferential stress and strength distributions
around the hole boundary. Figure 69 shows the strength distribution
obtained from the unnotched laminate results (Table 4) and the
elastic stress distribution at the 152 MPa (22 ksi) level of
applied vertical stress. As can be seen, this stress level
represents the limit beyond which localized failure and nonlinear
response begin to take place at the O-degree and 67.5-degree
locations. As the applied stress is increased localized failure
in the vicinity of the 67.5-degree location causes a stress
redistribution with a reduction in the rate of increase of the
stress and strain at the 90-degree location. Soon after failure
initiation at the 67.5-degree location there is localized failure
near the 0O-degree location. This failure initiates at points away
from the hole boundary where the horizontal (oxx) tensile stress
reaches the maximum value 0.680__. The interaction between the
two sources of localized failure is such that for smaller holes the
strains at the 0O-degree location become higher than those at the
67.5-degree location, contrary to the result for larger holes.

The variation of the strength reduction ratio, defined as
the ratio of the vertical (0-degree) stress at failure to the
unnotched uniaxial strength of the material in the same direction,
is shown in Figure 70. Results are compared with those for similar
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uniaxial notched specimens. The strength reduction for biaxial
loading is lower than that for uniaxial loading by approximately
16 percent. This seems to be contrary to initial expectations

as the biaxial loading in this case reduces the maximum stress
concentration from 3.24 to 2.08. Attempts were made to describe
the variation of strength reduction ratio with hole diameter

by using the average stress criterion. This criterion was applied
along the 0-, 22.5-, 45-, 67.5- and 90-degree radii without
satisfactory results. The closest results were obtained by using
the criterion along 22.5-degree and 45-degree radii (Figure 71).

The circumferential stress along the 22.5-degree radius
is, for an isotropic material,

o

oo = R 13 A+ -5 a+d
where p = §. The strength reduction ratio obtained by using the
average stress criterion is

S
2 - 1.45
kg = §o: +Z =0. +E

where £ =

a+a° v By = distance over which stress Tq0 is averaged.

On the 45-degree radius the circumferential stress is
given by

o
= L, . 3. 8

dgp £ 5= 12 U+ P - 0,16 Rl o)
The strength reduction ratio obtained by using the average stress
criterion is

R 2 1.79

s 5 = a¥Fe) (3 + 0.14e9)

where & and a, are defined similarly as before. The strength
reduction curves for the two expressions above straddle most of

the experimental results, but do not agree with them satisfactorily
(Figure 71).
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6. SUMMARY AND COMNCLUSIONS

An experimental study was conducted of the deformation
and failure of [02/i45]s graphite/epoxy plates with holes loaded
under 2:1 biaxial tension. Hole diameters investigated were
2.54 em (1.00 in.), 1.91 em (0.75 in.), 1.27 em (0.50 in.) and
0.64 cm (0.25 in.). Strain gages, birefringent coatings and
moiré grids were used for strain measurement.

On the horizontal axis, the measured maximum stress ratio
(maximum stress to far-field vertical stress) in the elastic
range, is 2.08 which is lower than the theoretical value of 2.51.
On the vertical axis, the measured maximum stress ratio (maximum
stress to far-field vertical stress) is 0.60, compared to the
theoretical value of 0.62. Strains on the hole boundary become
nonlinear at an applied vertical stress of 172 MPa (25 ksi)
corresponding to local strains of 0.0043, which are comparable
to the ultimate strain of the laminate loaded at 22.5-deg. to
the 0O-deg. fibers. This stress level is close to that at which
localized failure begins at the 67.5-deg. location and nonlinear
strain response at the 0-deg. location. Stress and strain re-
distributions occur around the hole at the stress level above with
the strain at the 0-deg. (vertical axis) or near 65-deg. locations
exceeding that at other locations. Maximum measured strains at
failure on the hole boundary are higher (approximately 0.016)
than the highest ultimate strain of the unnotched laminate
(0.010).

Two basic patterns of failure were observed: (a) horizontal
cracking initiating at points off the horizontal axis and accompanied
by extensive delamination of the subsurface +45-deg. plies and
(b) vertical cracking along vertical tangents to the hole and
accompanied by delamination of the outer 0O-deg. plies. The strength
reduction ratio based on the unnotched uniaxial strength in the
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O-deg. direction varies between 0.38 and 0.57 for holes between
2.54 cm and 0.64 cm in diameter. These ratios are lower than
corresponding values for uniaxial loading by approximately 16
percent, although in this case biaxial loading reduces the
maximum stress concentration from 3.24 to 2.08. Attempts were
made to describe the variation of strength reduction ratio with
hole diameter using the average stress criterion. The closest
but not very satisfactory results were obtained by using the
criterion above along the 22.5-deg. and 45-deg. radii. The
difficulty arises from the localized sources of failure and their
interaction causing stress and strain redistributions around the
hole boundary, which cannot be accounted for easily in the

theoretical description.




SECTION VI
EFFECT OF NORMAL STRESS IN CRACK DIRECTION

1. INTRODUCTION

The far-field state of stress affecting crack extension and
failure consists jin general of two normal stresses normal and
parallel to the crack and a shear stress in the direction of the
crack (Figure 72). For a crack inclined at an angle 6 with
respect to the principal stress 01 the far-field stress components
are:

°y = 5 - 7 cos26
oq (1+k) o1 (1-k)

oLl = ;. e > cos26
op (1-k)

Txy P luss o 5 sin26
where the x- and y- directions are those parallel and perpendicular
to the crack and k is the stress ratio 02/01 = k.

It is generally assumed that the normal stress in the
direction of the crack does not play an important role in crack
extension. Then, the most important parameter is the ratio:

o]
y -1 +k - (1-k) cos28

T (I-k) sin26

Xy
where cy is the normal stress normal to the crack and Txy is the
shear stress along the crack.

The same far-field stress ratio o /-rx around the crack
can be achieved with a specimen loaded uniaxially at another angle
6' with the crack direction (Figure 73). The normal to shear stress
ratio for the uniaxial specimen
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%y = l-cos28'

I8 sin26 "
is equal to that of the biaxial when

= tand'

v o 1+k- (1-k)cos26
tand (I-k)sin26

This equivalence of course assumes that the normal far-
field stress in the direction of the crack, Oy has no influence
on crack propagation. This is not assured even in the case of
self-similar crack propagation when the crack is oriented along
a principal material axis. It is certainly not valid in other
cases including that when the crack is inclined with respect to
the material axis, and when the crack propagates in a direction
other than its own.

A series of tests with biaxially loaded [0/1-_45/90]s
graphite/epoxy specimens with cracks of different sizes has
been performed and reported (Reference 1). In this series the
crack was inclined at an angle 6 = 30-deg. with the far-field
principal stress 0., and the biaxiality ratio was k = 02/01 =
0.5. The equivalent uniaxial specimen having the same normal to
shear stress ratio would have a crack inclined at an angle 6'
with the applied load obtained as

8' = 70.9-deg.

To study the effect of normal stress in the direction of
the crack a series of uniaxial tests with inclined cracks was
conducted.

2. SPECIMENS

] The specimens were 8-ply [0/-_’;_45/90]s plates 12.7 cm (5 in.)
: wide and 56 cm (22 in.) long with the 0-deg. fibers at 19-deg. with
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the longitudinal (loading) axis and central cracks normal to

the 0-deg. fibers (Figure 74). The crack geometry was the same
as that used in the first phase of this work (Reference 1). All
cracks were machined ultrasonically as before. The specimens
were tabbed with 1ll-ply glass/epoxy crossply tabs (3M, Scotchply
1002). Four crack lengths were investigated, 2.54 cm (1 in.),
1.91 em (0.75 in.), 1.27 em (0.50 in.) and 0.64 cm (0.25 in.).
Two specimens were tested for each crack length.

3. STRAIN MEASUREMENT

Deformations and strain§ were measured using strain gages,
birefringent coatings and moire grids. Miniature single gages
and rosettes were mounted near the crack tips along lines normal
to the loading axis. Additional gages were mounted in the far-
field. A typical gage layout is shown in Figure 75. 1In half the
specimens birefringent coatings were bonded to one side to obtain
full-field strain information. These coatings were 0.25 mm (0.0l in.)
thick. In some cases moire grids consisting of arrays of 400 lines
per cm (1000 lines per inch) parallel and normal to the crack were
applied to the specimens.

4. LOADING AND DATA RECORDING

These specimens were loaded in the same fashion as the
uniaxial plates with holes discussed before (Section IV). They
were loaded in increments in a 120,000 1b Riehle testing machine }
at a crosshead rate of 1 mm/min (0.04 in./min.). At every load |
level strains were recorded with a digital data acquisition system
and photoelastic and moiré fringes recorded photographically.

5. RESULTS

Specimen No. 5A-1 had a 2.54 cm (1.00 in.) long crack.
It was instrumented with strain gages near the crack tip and in the
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Figure 74. Uniaxial Loading of [0/+45/90])g Graphite/
Epoxy Specimens With Inclined Cracks
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Gage No. Location Type
mm (in)
1 X, = 0.6 (0.02) EA-06-015DJ-120
2 X o= 2.0 (0.08) EA-76-031DE-120
3 Xy = ok (0.20) EA-N6-031DE-120
4 X, = 1.0 (0.04) WA-06-N30WT-120
5,6,7%,8% X = 458 (+2.3) EA-06-125TM-120

*On opposite side of plate

Figure 75. Tynical Gage Layout for Uniaxial Specimens

With Inclined Cracks
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far-field and with a 0.25 mm (0.010 in.) thick photoelastic
coating on one side. A closeup of the gage layout around

the crack is shown in Figure 76. Strains as a function of
applied stress are plotted in Figure 77. Elastic and strength
properties obtained are:

By = 53 CPa (7.7 x 10% psi)
vyx = 0.30

= 180 MP . i
Syy 80 a (26.1 ksi)

The strain near the crack tip (x; = 0.04a, "a" being the half

crack length) is linear up to an applied stress of 52 MPa (7.5

ksi) corresponding to a local strain of 0.0025. The ratio of this
strain to the far-field strain in the linear range is 2.72.

This strain increases at an increasing rate up to the point when

the crack extension reaches the gage location. This occurs

between 147 MPa (21.2 ksi) and 155 MPa (22.5 ksi). The most
peculiar response occurs in the horizontal strain near the crack

tip (Gage 5, Figure 77). The strain is initially positive and
increases up to a stress of 86 MPa (12.5 ksi), thereafter it begins
to decrease and finally it reaches high negative values. The
far-field strains vary nearly linearly to failure. The strain
distribution around the crack tips and the phenomenon of crack
extension are illustrated by the fringe patterns in the photoelastic
coating (Figure 78). 1In this case it appears that the crack extends

clearly in the horizontal (transverse to the loading axis) direction.

This pattern bears no resemblance to those obtained from biaxially
loaded specimens with cracks, where the normal to shear stress
ratio was the same. The fringe patterns indicate that the crack
began to extend at an applied stress of 121 MPa (17.5 ksi).
Fracture became audible at 129 MPa (18.7 ksi). At this level, the
horizontal strain near the crack tip changes from positive to
negative (Figure 77). Ultimate failure occurred at a stress of
180 MPa (26.1 ksi).
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Figure

76.

Closeup of Gage Layout Near 2.54 cm
(1.00 in.) Crack of Spec. No. 5A-1
(Smallest Division Shown in 0.0l in.)
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Specimen No. 5A-2 with a 2.54 cm (1.00 in.) long crack
was a replicate of No. 5A-1 above. It was instrumented with strain
gages and 400 lines/cm (1000 lines/in.) moire grids near the
crack. Strains as a function of applied stress are plotted in
Figure 79. Elastic and strength properties obtained are:

E_ = 52 GPa (7.5 x 10° psi)

yy
vyx = 0.30
Syy = 203 MPa (29.4 ksi)

The.strain near the crack tip (Gage 1 in Figure 79; X, =
0.03a) is linear up to an applied stress of 52 MPa (7.5 ksi),
then it increases linearly at a reduced rate up to a stress of
112 MPa (16.2 ksi). The ratio of this strain to the far field
strain in the initial linear range is 3.34. Fracture became
audible at a stress level of 121 MPa (17.5 ksi). Thereafter, all
r strains in the vicinity of the crack tips become nonlinear with
some of them exhibiting irregular behavior. Ultimate failure
occured at a stress of 203 MPa (29.4 ksi).

Moire fringe patterns around the crack are shown in Figure
80 for three stress levels. The left part of the pattern
. corresponds to displacements normal to the crack direction, the
right part to displacements parallel to it. By differentiating
the fringe patterns away from the crack the far field strains shown
in Figure 81 were obtained. The crack opening displacement and the
forward sliding or crack shearing displacement were determined
from these fringe patterns and plotted in Figure 82 as a function
of applied stress. The crack opening displacement (COD) is
A 4.4 times the crack shearing displacement (CSD) in the linear
i i range. The corresponding ratio for the biaxially loaded specimen
with the same ratio of normal to shear stress is 2.5 (Reference 1,
Figure 124). The CSD and COD vary linearly up to applied stresses
of 104 MPa (15 ksi) and 138 MPa (20 ksi), respectively. The maximum
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Figure 80.

o
yy
MPa (ksi)

164 (23.7)

173 (25.0)

199 (27.3)

Moire Fringe Patterns Around 2.54 cm (1.00 in.) Crack
in [0/445/90]_ Graphite/Epoxy Specimen Under Uniaxial
Loading at 71=deg. with Crack Direction. (Left part

of pattern corresponds to displacements normal to the

crack, right part to displacements parallel to it,
Spec. No. 5A-2).
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COD at failure is 0.25 mm (0.010 in.) which is appreciably larger
than the corresponding value of 0.10 mm (0.004 in.) for the biaxially
loaded specimen with a similar crack and the same ratio of normal

to shear stress.

Specimen No. 5A-3 had a 1.91 em (0.75 in.) long crack. It
was instrumented with strain gages and 400 lines/cm (1000 lines/
in.), moire grids near the crack. A closeup of the gage layout
near the crack is shown in Figure 83. Strains as a function of
applied stress are plotted in Figure 84. Elastic and strength
properties obtained are:

E,, = 54 GPa (7.8 x 10% psi)
v = 0.29

yX

Sy, = 210 MPa (30.5 ksi)

The strain near the crack tip {(Gage 1, Figure 84; X1= 0.04a)
is linear up to an applied stress of 52 MPa (7.5 ksi) as before,
then it increases at a higher rate up to a stress of 112 MPa
(16.2 ksi). The ratio of this strain to the far-field strain in
the linear range is 3.35. Fracture became audible at a stress level
of 172 MPa (25 ksi) at which point the strain near the crack tip
starts decreasing. Ultimate failure occured at a stress of 210 MPa
(30.5 ksi).

Moire fringe patterns around the crack are shown in Figure 85
for three stress levels. Far field strains were obtained as before
and plotted in Figure 86. The crack opening and crack shearing
displacements are plotted in Figure 87 as a function of applied {
stress. The COD is nearly 4 times the CSD in the linear range. The
COD and CSD vary linearly up to applied stresses of 104 MPa (15 ksi)
and 173 MPa (25 ksi), respectively. The difference in the two levels
above is due to the fact that the response of the material to shear |
becomes nonlinear sooner than that to normal stress. The first crack 1
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Figure 83.

Closeup of Gage Layout Near 1.91 cm
(0.75 in.) Crack of Spec. No. 5A-3
(Smallest Division Shown is 0.0l in.)
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Figure 85.

Cyy

MPa_ (ksi)

173 (25.0)

190 (27.5)

207 (30.0)

Moire Fringe Patterns Around 1.91 cm (0.75 in.) Crack
Under Uniaxial Loading at 71-deg. with Crack Direction
(Spec. No. 5A-3)

127




S e ]

351

0

25+

o 204
()]
&
‘>~
>
o]
i 154
n
-
|3l
wn

10

0

f y
-» X
\x|
'} 1 [ =
2 3 3 4 5
STRAIN, 10 ¢

Figure 86. Far Field Strains Around 1.91 cm (0.75 in.) Crack Obtained

from Moire Fringe Patterns (Spec. No. 5A-3)
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extension occurred between 173 MPa (25 ksi) and 190 MPa (27.5

ksi) as manifested by the fringe patterns of Figure 85. The
maximum COD at failure is 0.19 mm (7.6 x 1073 in.).

Specimen No. 5A-4 was a replicate of No. 5A-3 above. It
was instrumented with strain gages and a 0.25 mm (0.010 in.)
thick photoelastic coating. Strains as a function of applied
stress are plotted in Figure 88. Elastic and strength properties
obtained are:

E.. = 57 GPa (8.3 x 10° psi)

yy
vyx = 0.30
Syy = 207 MPa (30.0 ksi)

The strain near the crack tip (Gage 1, Figure 88; Xy = 0.04a)

is linear up to a stress of 52 MPa (7.5 ksi) as before, then it
increased at a gradually increasing rate. The ratio of this

strain to the far field strain in the linear range is 2.95. The
crack reached the location of gage 1 at a stress between 155 MPa
(22.5 ksi) and 173 MPa (25 ksi). The crack extends to the location
of gage 2 (x1 = (0.25a) at a stress slightly above 190 MPa

(27.5 ksi). The specimen failed completely just before the crack
reached the location of gage 3 (xqy = 0.76a) at a stress of 207 MPa
(30.0 ksi). The strain distribution around the crack tip and the
phenomenon of crack extension are illustrated by the isochromatic
fringe patterns of Figure 89. According to the fringe patterns
crack extension begins at a stress of approximately 104 MPa (15 ksi)
and it continues along the horizontal direction up to failure. The
measured crack extension immediately prior to failure was 0.64a,
where a is the half crack length. The maximum strain at failure
measured from the photoelastic data near the tip of the crack is
over 0.03.
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